We investigate the influence of ultrashort laser filaments on high-voltage discharges and spark-free unloading at various repetition rates and wind conditions. For electric fields well below, close to and above the threshold for discharges, we respectively observe remote spark-free unloading, discharge suppression, and discharge guiding. These effects rely on an indirect consequence of the thermal deposition, namely the fast dilution of the ions by the shockwave triggered by the filament at each laser shot. This dilution drastically limits recombination and increases the plasma channel conductivity that can still be non-negligible after tens or hundreds of milliseconds. As a result, the charge flow per pulse is higher at low repetition rates.
I. INTRODUCTION
The interaction of high-power lasers with electric fields has attracted much attention since the 1970's, with the aim of controlling lightning [1] [2] [3] and/or triggering and guiding high-voltage discharges [4, 5] . These early experiments implied laser pulses carrying Joules to kilojoules, and essentially relied on the local heating of the air at the laser focus. Such heating increases collisional ionization and reduces electron losses due to attachment and electron-ion recombination [6] . It also decreases the air density, favoring the electrical breakdown as described by Paschen's law [7] . However, the high density of plasma produced by those nanosecond high-power pulses is opaque to the laser light, which leads to a discontinuous chain of plasma beads. On the other hand, the effect drops for looser beam focusing as the incident intensity is much lower.
The advent of ultrashort laser pulses simultaneously allowed to reach high peak powers at much lower pulse energy, and to generate plasma channels with moderate plasma density (typically 10 20 -10 23 m −3 ) extending over tens to hundreds of meters [8] . Ultrashort laser filaments [9] [10] [11] can trigger (with breakdown threshold reduction by typically 30 %) and guide high-voltage discharges both in the near-infrared [12] [13] [14] [15] and in the ultraviolet [6, [16] [17] [18] . Laser filaments have also been used as a probe to investigate the dynamics of high-voltage discharges [19, 20] , streamers [21] and leaders [22, 23] .
Most experiments have been performed with Marx generators, that produce high-voltage pulses with a temporal shape representative of a naturally developing lightning strike. However, the electric field before the lightning initiation is close to DC. In this regime, new behaviors like discharge suppression and remote spark-free unloading [24, 25] or an increase of the plasma lifetime in a coupled AC-DC configuration [26, 27] have been observed.
Here, we investigate the influence of the laser repetition rate and wind on the discharge suppression and guiding, as well as of spark-free unloading. We evidence a plasma stabilization mechanism relying on the laser-induced shockwave [28, 29] and the resulting dilution of the ion density. This stabilization allows the filaments to keep a measurable, slowly decaying conductivity hundreds of milliseconds to a few seconds after the laser pulse. It increases the estimated filament conductivity over a duty cycle, and drastically reduces its dependence on the initial plasma density.
II. EXPERIMENTAL SETUP
The experimental setup is depicted in Figure 1 . Two spherical electrodes of 1.2 cm diameter were placed at a distance D = 4 − 16 cm from each other. One electrode was grounded, while the other one was connected to a high voltage generator. 20 cm-long filaments, covering the gap between the electrodes, were produced at a distance L = 2 mm from the electrodes by a Ti:Sapphire chirped pulse amplification system delivering pulses at a repetition rate of 10 to 1000 Hz, slightly focused by an f = 2 m lens.
Wind could be blown by a fan in the filament-electrode plane, either from the filament or from the electrode sides, as well as along the beam axis and from the top of the setup. The wind speed of ∼2 m/s ensured that even at 1 kHz repetition rate each filament sweeps a fresh air parcel, as the air motion reaches several millimeters during the 1 ms time interval between two pulses. This displacement is typically 10 times larger than the filament diameter of 100 µm. 14 Ω m [30] . This setup was used in two distinct regimes. Spark-free unloading was investigated with electrodes at a distance of D = 16 cm from each other. A C = 1 nF capacitor was attached to the high-voltage electrode. The capacitor was initially charged under 10 to 14 kV, and then disconnected from the generator. The voltage on the capacitor was periodically probed by a 1:4000 voltage divider of 300 GΩ impedance and a follower amplifier (TL1169). Without laser, the capacitor kept its charge over at least 20 hours. The laser producing the filaments delivered 80 fs pulses of 14.5 mJ, with an initial beam diameter of 4 cm. The unloading is characterized by the decay time τ = R eff C, obtained from an exponential fit of the voltage evolution, where R eff is the effective resistance of the plasma channel [31] , from which we calculate the effective conductance per pulse.
Spark guiding and suppression were studied with a DC high-voltage generator delivering up to 200 µA under 100 kV, and a distance between the electrodes reduced to D = 4 − 8 cm. In this experiment, the laser delivered 30 fs pulses of 3 mJ, with an initial beam diameter of 1 cm. It generated one 20 cm-long filament. The occurrence, rate, and guiding of electrical discharges was characterized over periods of typically 10 s (approximately 100 sparks in the free-running regime) on a standard video camera (Nikon D810).
III. RESULTS AND DISCUSSION
A. Low electric field (spark-free unloading)
The spark-free unloading of a charged capacitor has been observed at repetition rates down to 10 Hz (Figure 2 ). Higher repetition rates increase the effective conductance of the beam (Figure 2a) , although it reduces the conductance per pulse (Figure 2b ): pulses unload the capacitor more efficiently if they are separated by a longer time interval.
Furthermore, we observed that the efficiency of spark-free unloading is insensitive to wind blowing at 2 m/s from the filaments towards the electrodes (blue fan in Figure 1 ). At 2 m/s, the displacement of the air mass between two pulses is 2 mm at 1 kHz repetition rate, much larger than the 100 µm diameter of the filaments. This excludes any direct interaction between successive laser pulses under wind. As the unloading is not affected by wind, we can conclude that it does not rely on interactions between successive pulses, even without wind.
This, together with the decay of the efficiency per pulse with increasing repetition rates seem to contradict the observation of thermal effects increasing the discharge triggering efficiency for repetition rates in the kilohertz range [32] . However, this apparent contradiction can be resolved by considering a toy model describing the temporal evolution of the conductivity between the electrodes (red curves in Figure 2 ). This conductivity relies on ions flowing along the filament [24, 25] at an instantaneous current
with N ions the density of ions, µ ions their mobility, S the cross-section of the conducting region, V the applied voltage, D the distance between the electrodes, and e the elementary charge. During a time T , the filament therefore conducts a charge
The evolution of the ionized cross section S is driven by two processes. At microsecond-range times, the shockwave triggered by the energy (in the µJ/cm [33] ) deposited in the air by ionization [28, 29, 34] 
with β = 2 · 10 −13 m 3 /s [16] . Therefore, the increase of the ionized cross section, by diluting the ions, drastically reduces their loss rate, and therefore increases the lineic ion concentration (hence, the resulting conductivity).
More specifically, the evolution of the ion density under the simultaneous influence of recombination and dilution expresses as
Numerically integrating this evolution after a laser pulse occurring at t = 0 (Figure 3) illustrates this drastic increase. The larger ionized cross-section between several tens of microseconds and 1 ms (panel a) allows to keep a 4 times higher ion density (panel b), as compared with the simulation disregarding dilution. Convolved with the larger cross-section (panel a), this results in a 40 times lower resistance, hence a 40 times higher current beyond 2 µs and up to at least 100 ms (panel c). Integrating this intensity starting from the laser pulse (t = 0) results in a 70 times larger charge transfer (panel d). This total transferred charge still increases after 1 s. When the repetition rate is increased, the time delay between two pulses is reduced. Therefore, each pulse re-ionises the medium before the conductivity has fully decayed. The previous pulse will then have transferred less charge than he would have if it were alone. On the other hand, due to the nonlinearity of Equation (3) and the associated fast initial decay of the ion density, the residual ions from the previous pulse have a negligible influence, preventing any cumulative effect. This explains the decaying unloading efficiency per pulse with increasing laser repetition rate (red curves in Figure 2) .
The simulation considers no direct interaction between successive pulses, consistent with the absence of influence of the wind. Rather, one can expect that wind displaces the conducting channel as a whole towards the ionized region close to the electrodes without substantially affecting its evolution. Furthermore, the ionized region extends over 5 to 10 mm, as visible by naked eye as a glow discharge. Therefore, displacements by a few millimeters of the plasma channels created by the laser filaments have little if any impact on the conduction. Note that the initial ion velocity is too small for its distribution to influence the width of the conducting channel.
B. Medium and high electric field: Spark guiding and suppression Figure 4 displays the effect of the laser on the 100 kV discharges for electrodes separated from each other by 8 cm (mean electric field of 1.3 · 10 6 V/m, panel (a)) and 4 cm (2.5 · 10 6 V/m, panel (b)), respectively. For the 8 cm gap, the electric field is close to natural breakdown. As a consequence, by providing an extra conducting channel, the laser filaments pull more current from the power supply, resulting in a voltage drop that prevents the breakdown. Almost no spark is observed at a repetition rate of 1 kHz. Reducing the repetition rate diminishes the effect of the laser, that stops influencing the discharges below 500 Hz (Figure 4a) .
The effect of the laser is reinforced by blowing wind at 2 m/s from the filaments towards the electrodes (blue fan on Figure 1 and blue dashed curve on Figure 4a Transferred charge (C) (d) Figure 3 : Simulated temporal evolution of (a) the ionized cross section, (b) ion density, (c) current, and (d) total transported charge after a laser pulse, with and without consideration of ion dilution due to the laser-induced shockwave.
(by some millimeters in several milliseconds) favors its connection to the electrodes, hence the current flow and the voltage drop, resulting in a more efficient spark suppression. Conversely, wind in the opposite direction (purple fan in Figure 1 and purple dashed-dotted curve on Figure 4a ), parallel to the filaments, or blowing perpendicular to the filament-electrode plane has no influence on the effect of the laser. This is probably due to the fact that it degrades only slightly the already loose connection of the filament to the electrodes. This behavior contrasts with the observation that, without laser, wind from any direction reduces the rate of sparks by 20 %, with a maximal efficiency when blowing from the ground to the (positive) HV electrode, consistent with a conduction mainly carried by positive charge carriers, i.e., by ions. In the shorter gap (4 cm, Figure 4b ), the laser-generated conducting channel is not sufficient to let the voltage drop below the breakdown threshold. Therefore, discharges are not suppressed, but rather guided by the conducting filaments that offer a more favorable way to the discharges [6, [12] [13] [14] [15] [16] [17] [18] . Almost all discharges are guided for repetition rates above 100 Hz, most probably related to the ability of the high-repetition rate beam to timely intercept streamer discharges before they develop into free-propagating sparks. Error bars are evaluated by using the binomial law.
Again, the wind has an asymmetric influence. However, wind blowing from the filament towards the electrodes (blue fan on Figure 1 and blue dashed curve in Figure 4b) , that was favorable to spark suppression, degrades discharge guiding. Conversely, when blowing from the electrodes towards the filament (purple fan on Figure 1 and purple dash-dotted curve in Figure 4b) , it tends to increase the fraction of guided discharges, especially at low repetition rates.
As ions produced by the corona close to the electrodes are segregated by polarity, their diffusion-limited recombination ensures long lifetimes as compared with the laser repetition rate. Blowing the continuously produced ion cloud towards the beam position ensures immediate conduction when the filament is fired, allowing the discharge to follow this longer although easier guided way. Conversely, blowing them in the opposite direction reduces the guiding efficiency.
The contrast between the spark-free unloading in a low electric field, where the wind has no influence, and the stronger electric fields, where it can enhance or reduce the effect of the laser on the sparks, can be understood as follows. In the latter case, the effect of the laser critically depends on its electric connection to the electrodes. Therefore, displacing the plasma string produced by the filament with respect to them strongly influences the effect of the laser. Conversely, in the low-field unloading regime, the more diffuse effect reduces the impact of the plasma filament position.
Finally, let us note that the lateral displacement of long-lived, air depleted and ionized conducting channels generated by the laser filaments is reminiscent of multiple lightning strokes [35] , also known as reilluminations or curtain lightning. In this natural process, an original lightning strike is followed by subsequent flashes propagating along the same path, that has moved as a whole with the air mass under the influence of wind. The delay between reilluminations ranges from tens to hundreds of milliseconds [36] [37] [38] [39] [40] strikes, comparable with the conductivity lifetime resulting from shockwave-assisted discharges in our experiments.
IV. CONCLUSION
In brief, for electric fields well below, close to, and above the threshold for discharges, ultrashort laser filaments induce remote spark-free unloading, discharge suppression, and discharge guiding, respectively. These effects rely on an indirect consequence of the thermal deposition, namely the dilution of the ions by the shockwave triggered by each laser shot. By quickly diluting the ions, this shockwave drastically limits recombination and maintains conductivity at measurable levels over tens to hundreds of milliseconds. Due to this single-shot, robust process, the influence of wind is mainly limited to displacing the ionized plasma channel created by the laser, influencing its connection with the electrodes. Therefore, the effect of wind depends on its direction, and is negligible when connection issues are not critical. In contrast, cumulative thermal effects, that require hundreds of laser pulses to be effective [28, 29] , are not dominant, nor even required to explain the effect of the laser.
